We have used in vitro mutagenesis to examine in detail the roles of two modular protein domains, SH2 and SH3, in the regulation of the Abl tyrosine kinase. As previously shown, the SH3 domain suppresses an intrinsic transforming activity of the normally nontransforming c-Abl product in vivo. We show here that this inhibitory activity is extremely position sensitive, because mutants in which the position of the SH3 domain within the protein is subtly altered are fully transforming. In contrast to the case in vivo, the SH3 domain has no effect on the in vitro kinase activity of the purified protein. These results are consistent with a model in which the SH3 domain binds a cellular inhibitory factor, which in turn must physically interact with other parts of the kinase. Unlike the SH3 domain, the SH2 domain is required for transforming activity of activated Abl alleles.
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We demonstrate that SH2 domains from other proteins (Ras-GTPase-activating protein, Src, p85 phosphatidylinositol 3-kinase subunit, and Crk) can complement the absence of the Abl SH2 domain and that mutants with heterologous SH2 domains induce altered patterns of tyrosine-phosphorylated proteins in vivo. The positive function of the SH2 domain is relatively position independent, and the effect of multiple SH2 domains appears to be additive. These results suggest a novel mechanism for regulation of tyrosine kinases in which the SH2 domain binds to, and thereby enhances the phosphorylation of, a subset of proteins phosphorylated by the catalytic domain. Our data also suggest that the roles of the SH2 and SH3 domains in the regulation of Abl are different in several respects from the roles proposed for these domains in the closely related Src family of tyrosine kinases.
Protein-tyrosine kinases play a central role in the regulation of cellular growth and differentiation of complex eukaryotes. The two major classes of tyrosine kinases are the transmembrane receptors, which are activated directly by binding of peptide growth factors and cytokines to their extracellular domains, and the nonreceptor kinases (for reviews, see references 5, 13, and 46) . While the normal function of the receptors as transducers of extracellular signals is evident, the role of nonreceptor tyrosine kinases is in many cases unknown. Examples of both classes of kinases have been shown to function as dominant oncogenes, generally as a result of overexpression and structural alteration (see reference 14 for a review).
The Abl nonreceptor tyrosine kinase was originally isolated as the transforming gene of Abelson murine leukemia virus (12) and was subsequently shown to be involved in human leukemias by virtue of a chromosomal translocation resulting in the expression of a fusion protein containing N-terminal sequences from a second locus, bcr (28, 48) . Overexpression of c-Abl does not result in efficient cell transformation or elevated tyrosine phosphorylation in vivo (10, 15) , whereas structurally altered forms are able to efficiently induce transformation and elevated phosphotyrosine in a variety of cell types, suggesting that the activity of the normal kinase is tightly regulated. As in the Src family of tyrosine kinases, N terminal to the catalytic domain of Abl are two small modular domains termed the Src homology 2 and 3 (SH2 and SH3) 24 and 34) . SH3 domains are implicated in the repression of activity of Abl and the Src family kinases, because deletion or mutation of this domain generally activates the transforming activity of the proto-oncogenes (10, 15, 17, 39) . Several SH3 domain-binding proteins have now been isolated, and a proline-rich binding motif for the Abl SH3 domain has been identified (4, 41) . SH2 domains have been shown to bind specifically and with high affinity to tyrosine-phosphorylated proteins (la, 20, 23, 25, 30) and are thought to mediate the association of signaling proteins in response to tyrosine phosphorylation. We have previously shown that activated Abl proteins with mutated SH2 domains that are no longer able to efficiently bind tyrosinephosphorylated proteins are impaired in their ability to transform (26) .
We have devised a mutagenesis scheme that facilitates the deletion, reiteration, swapping, and movement within the protein of various modular domains of the Abl tyrosine kinase. These mutants have been used to examine in detail the roles of the SH2 and SH3 domains in the regulation of Abl activity. As expected from previous results, we find that the SH2 and SH3 domains play very different roles: the SH3 domain appears to suppress the intrinsic transforming ability of Abl, while the SH2 is absolutely required for expression of the transforming activity of activated Abl genes. We extend these observations to show that in cells, the inhibitory activity of the SH3 domain is extremely sensitive to its position in the Abl molecule, but its presence or absence has no effect on the in vitro kinase activity of the purified protein, suggesting that the SH3 domain regulates kinase activity in vivo by a complex mechanism. We also find that the SH2 domain, not the catalytic domain, is largely responsible for determining the spectrum of proteins phosphorylated in vivo. We propose that the SH2 domain is required for transforming activity because it modulates the output of a relatively nonspecific catalytic domain by directly binding to, and enhancing the phosphorylation of, a subset of proteins phosphorylated by the catalytic domain.
MATERUILS AND METHODS
Construction of Abi Mutants. All Abl genes were constructed from modular fragments generated by PCR using wild-type murine type IV c-Abl cDNA (pPLcIV) (2, 15) and primers encoding unique restriction sites on their 5' ends. Pfu DNA polymerase (Stratagene) was used as recommended by the manufacturer except that elongation times were occasionally extended to 5 min to generate longer fragments. PCR primers had 24 to 30 nucleotides (nt) of identity with template, 6 or 8 nt encoding restriction sites, and five or six G or C residues 5' to clamp the ends of the fragment to facilitate restriction digestion. All PCR fragments were sequenced to approximately 200 nt from each end; no mutations were observed in any clone except in regions of primer binding. Only clones of the expected sequence were used for further studies.
The prototype modular c-Abl gene (termed construct F) consisted of three PCR fragments (all nucleotide numbers are relative to the A of the initiation codon of murine type IV c-Abl): N-terminal fragment A (Notl, nt -9 to 252, SacII), SH3-plus-SH2 fragment F (SacII, nt 256 to 723, BamHI), and catalytic domain-plus-C-terminus fragment B (BamHI, nt 730 to 3465, NotI). Deletions of SH2 or SH3 were generated by replacing fragment F with fragment E (SacII, nt 256 to 417, BamHI) or fragment G (SaclI, nt 427 to-723, BamHI), to generate constructs E and G, respectively; deletion of both was effected by replacing fragment F with a short synthetic adaptor (top strand, 5' TCGCGAACA; bottom strand, 5' GATCTGT TCGCGAGC) to generate construct 9. For constructs with SH2 and/or SH3 domains C terminal to the catalytic domain, two other fragments were generated using construct 9 DNA as the template: N-terminal and catalytic domain fragment C (Notl, nt -9 to 1620, SacIl) and C-terminal fragment D (BamHI, nt 1621 to 3465, Notl).
All constructs were initially manipulated while cloned into a modified vector derived from pBS-SK(-) (Stratagene), termed pBSA, in which the vector SacII and BamHI sites had been destroyed. For virus production, NotI Abl fragments were cloned into pGDN, a derivative of the retroviral vector pGD (7) 8 .0], 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM dithiothreitol), and eluting with TNGT plus 20 mM reduced glutathione and 100 mM Tris (pH 8.8). For thrombin cleavage, washed glutathione-agarose beads bound to GST-Abl fusion proteins were incubated with an empirically determined amount of human thrombin (Calbiochem) in TNGT supplemented with 2.5 mM CaCl2, and the eluted cleaved Abl proteins were separated from beads by pouring into a disposable column. Na2EDTA was added to 2.5 mM, and phenylmethylsulfonyl fluoride was added to 1 mM to inactivate thrombin. Purified proteins were stored at -70°C. run on SDS-polyacrylamide gels. Gels were stained with Coomassie blue, fixed in 10% acetic acid-20% methanol, dried, and exposed for autoradiography. Quantitative assays using angiotensin as a substrate were performed essentially as described previously (9 G418-resistant colonies for each mutant (see Table 1 and text for details). ffu, focus-forming units.
were washed three times with ice-cold 0.5% phosphoric acid, washed once with acetone, and dried, and Cerenkov counts were determined. Data points shown are the mean of triplicate samples.
RESULTS
To analyze the roles of the SH2 and SH3 domains in Abl, we constructed a modularized Abl gene by inserting unique restriction sites flanking the SH3 and SH2 domains, using PCR ( Fig. 1 ). This cassette system allowed individual SH2 or SH3 domains or the block of SH3 plus SH2 domains to be easily manipulated. For some constructs, another unique site was inserted C terminal to the catalytic domain, allowing insertion of sequences or swapping of catalytic domains. The location of all linkers was chosen to be in predicted loop regions between modular units of protein structure so that disruption of secondary and tertiary structure of the resulting proteins would be minimized. Furthermore, the spacing between elements of structure was conserved in the mutants. All of the constructs in this study encode the myristoylated type IV N terminus of Abl, because previous studies have shown that it is difficult to overexpress proteins encoding the nonmyristoylated type I N terminus (10, 15a).
All mutant Abl genes were inserted into a simple retroviral vector derived from pGD (7) . This vector contains all sequences required in cis for expression and packaging of the genome and also encodes the neomycin resistance gene, allowing selection of infected cells with G418. When cotransfected with pZAP, which encodes a replication-competent Moloney murine leukemia virus helper, infectious particles encoding the mutant Abl genes are produced.
A transient transfection system was used to produce virus for these studies (36) . 293 cells, a human kidney-derived cell line, were transfected with helper and pGD-derived plasmids, and virus was harvested 2 days posttransfection. This protocol minimizes mutation due to error-prone reverse transcription, dMean normalized titer (averaged over the number of independent experiments given in the next column).
Number of independent transfections used to generate average normalized titer (previous column).
f ND, not done in this experiment.
because at most two rounds of replication are undergone before the mutant genome is scored for biological activity.
Transforming activity was assessed by infection of NIH 3T3 cells with dilutions of the 293 cell-derived virus and scoring parallel sets of dishes for morphologically transformed foci and G418-resistant colonies.
The raw numbers of transformed foci and G418-resistant colonies varied considerably from experiment to experiment, so data were normalized in two ways ( Abl (Fig. 1) . When the linker-modified c-Abl construct (termed GDN-F) was assayed for transforming activity, only very low activity was observed (less than 150 foci per 104 G418-resistant colonies). We believe that this weak transforming activity was detected in our experiments, unlike earlier studies (10, 15, When the SH2 domain was deleted, either in the presence or in the absence of the SH3 domain (GDN-E and -9, respectively), transforming activity was undetectable (Fig. 1) . Further Fig. 2A domains deleted from their normal positions N terminal to the catalytic domain and inserted alone or in combination in a novel position C terminal to the catalytic domain (Fig. 2B) .
None of these constructs had significant transforming activity, although they produced proteins that were kinase active and present in amounts comparable to those shown in Fig. 2A (data not shown). This finding demonstrates that while there can be considerable flexibility in the position of the SH2 domain, it is not entirely position independent since it cannot effectively perform its positive role when C terminal to the catalytic domain.
Complementation of loss of the SH2 domain by heterologous SH2 domains. SH2 domains all have the ability to bind to tyrosine-phosphorylated proteins, but different SH2 domains bind to different specific binding sites (50) . We were therefore interested in whether Abl transformation was dependent on the presence of the Abl SH2 domain, or whether SH2 domains from other proteins, with different binding specificities, would restore transforming ability in Abl mutants lacking the Abl SH2 domain. We constructed a series of mutants in which the SH3 domain was deleted to activate the transforming activity of c-Abl, and the Abl SH2 domain was replaced by the SH2 domain of Src or Crk, the N-terminal SH2 domain of GAP, or the C-terminal SH2 domain of the p85 PI 3-kinase subunit (Fig. 3A) . When assayed, all of the mutants with heterologous SH2 domains had detectable transforming activity, whereas transformation was undetectable in the absence of any SH2 domain. Activities ranged from 100-fold less active (for the GAP SH2 domain) to at least as active (for the Crk SH2 domain) as the Abl SH2 domain-containing positive control (Fig. 3A) . This finding demonstrates that transforming activity is not strictly dependent on the Abl SH2 domain, and that SH2 domains with very different binding specificities could function to promote transforming activity. The very low activity of the construct with the mutant Abl SH2 domain that is unable to bind to phosphotyrosine (GDN-K171 in Fig. 1 ) demonstrates that this requirement is not merely structural but requires the ability to bind to phosphotyrosine.
When viruses encoding the SH2 domain swap mutants described above were used to infect 3T3 cells and tyrosinephosphorylated proteins were analyzed by immunoblotting, the pattern of tyrosine phosphorylation differed in the mutants (Fig. 4A) (26) , and a tyrosine-phosphorylated protein of this molecular mass is most prominent in cells infected by the GAP SH2 domain-containing mutant. Similarly, the Crk SH2 domain has high affinity for proteins in the 135-to 155-kDa range (3, 22, 24a) , and tyrosine-phosphor-A B ylated proteins of this molecular mass are prominent in cells infected with the Crk SH2 domain-containing mutant. Surprisingly, there was no apparent correlation between overall phosphotyrosine levels and transforming efficiency. We next examined whether any of the tyrosine-phosphorylated proteins were physically associated with the Abl proteins. We immunoprecipitated Abl from infected cell lysates, separated the immunoprecipitated proteins on gels, and immunoblotted them with a phosphotyrosine-specific antibody (Fig.  4C) . In each lane, several tyrosine-phosphorylated proteins in addition to Abl itself were observed, suggesting that they were physically associated with the Abl product. Furthermore, the pattern of coprecipitating proteins varied with the SH2 domain, accentuating the differences seen in whole lysates and suggesting that these tyrosine-phosphorylated proteins might be bound to Abl by SH2-phosphotyrosine interactions and that this might be the cause of the difference in the overall pattern of tyrosine phosphorylation.
Effect of replacing the Abl catalytic domain. Since the experiments described above suggested that the pattern of phosphoproteins observed when activated Abl is overexpressed depends on the SH2 domain, we examined the role of the catalytic domain in determining this pattern. We generated a series of mutants with various SH2 domains, similar to those shown in Fig. 3A but with the Abl catalytic domain replaced with that of p60csrc. As shown in Fig. 3B , all of these mutants had detectable transforming activity. In fact, the hierarchy of transforming activities was very similar to that seen with the Abl catalytic domain: the Crk SH2 domain was the most efficient, followed by that of PI 3-kinase, with the GAP SH2 being the least efficient. The two cases where the correlation broke down were when the Abl and Src SH2 domains were involved; in each case, the catalytic domain was most efficient when paired with its corresponding SH2 domain. It is remarkable that mutant GSC-C contained pieces of three proteins (N and C termini of Abl, SH2 domain of Crk, and catalytic domain of Src) and was as transforming as the most highly activated Abl variants, demonstrating the truly modular nature of these proteins.
The pattern of tyrosine-phosphorylated proteins was also examined in these mutants (Fig. 5A) . Again, as in the case with the Abl SH2 domain, the pattern of tyrosine-phosphorylated proteins varied with the SH2 domain. This is more easily seen when the tyrosine-phosphorylated proteins were first immunoprecipitated with antiphosphotyrosine antibody beads (Fig.  5B) or when proteins that coprecipitated with Abl were analyzed (Fig. 5D) because it has proven difficult to get high-level expression of the mutants with the Src catalytic domain in transient infections (Fig. 5C ). These results suggest that the SH2 domain plays at least as important a role in determining the pattern of tyrosine-phosphorylated proteins seen in cells infected with these Abl mutants as the catalytic domain does.
Role of multiple SH2 domains. We have shown that the transforming potency and ultimate substrate specificity of Abl mutants is highly dependent on the SH2 domain. We were further interested in whether the effect of multiple SH2 domains would be additive, or whether the properties of one SH2 domain would be dominant in a construct that encoded multiple SH2 domains. For this purpose, we constructed two mutants that contained both the Abl and N-terminal GAP SH2 domains, in the order Abl-GAP or GAP-Abl (Fig. 6) . We used these two SH2 domains because they had the greatest disparity in both transforming activity (100-fold) and the pattern of tyrosine-phosphorylated proteins observed (where the GAP SH2 induces the prominent 68-kDa phosphoprotein). Both of these mutants had transforming activities essentially indistinguishable from that of the positive control encoding the Abl SH2 domain, suggesting that both the proximal and distal SH2 domains were able to function to promote transformation (Fig.  6) . Furthermore, when the pattern of tyrosine-phosphorylated proteins was analyzed, the two mutants induced similar patterns that seemed to be the sum of the patterns observed when each SH2 domain was present alone (Fig. 7A ). This was even clearer when the tyrosine-phosphorylated proteins that coprecipitated with Abl were visualized (Fig. 7B ). These results demonstrate that the SH2 domains function independently and that proximity to the catalytic domain does not appear to affect their activities significantly. The SH2 domains function additively in that properties of each (efficient transformation by the Abl SH2, phosphorylation of the 68-kDa protein by that of GAP) are conferred on proteins containing both of them.
Effect of SH2 and SH3 domains on purified protein. It is clear from the data presented above that the SH2 and SH3 domains have a profound effect on in vivo activity of the Abl protein. To examine the effect of deletion of these domains on the in vitro activity of purified protein, we have constructed GST fusion proteins encoding the Abl inserts of GDN-F, -G, and -E (intact, SH3 domain-deleted, and SH2 domain-deleted c-Abl, respectively; Fig. 1 ). In each case, GST was fused directly upstream of the position 2 glycine of Abl, so that cleavage with thrombin generated the natural Abl N terminus except for the lack of the N-terminal myristoyl moiety. The fusion proteins were expressed either in insect cells by using baculovirus vectors or in human 293 cells by using an expression vector driven by the elongation factor lcx promoter (29) . In both cases, large quantities of protein were easily purified on glutathione-agarose beads and either eluted with glutathione or cleaved with thrombin.
When the in vitro kinase activities of the three different Abl proteins were compared, there was no apparent difference (Fig. 8) . This was true whether or not the proteins were cleaved from GST (Fig. 8A) or whether proteins were synthesized in insect cells or human cells (not shown). Kinase activity was measured using Abl itself or poly(Glu-Tyr) random copolymer as the substrate and visualized on gels (Fig. 8A) (Fig. 8C) ; in all cases, the three proteins had essentially identical kinase activities per microgram of Abl protein (differences of less than a factor of 2). With use of [Val5] angiotensin II at 1 mM, initial reaction rates ranged from approximately 7 to 11 pmol of phosphate per min per pmol of Abl protein (Fig. 8C and data domains. We find that the SH3 domain suppresses the intrinsic transforming activity of the c-Abl protein in cells but that this suppression is extremely position dependent and is not apparent in vitro with use of purified proteins. The SH2 domain, on the other hand, is absolutely required for transforming activity of Abl mutants; furthermore, the SH2 domain appears to indirectly determine the spectrum of proteins phosphorylated in cells. Below, we outline models that are consistent with these data.
These studies start from the observation that the wild-type c-Abl protein is poorly transforming, even at relatively high levels of overexpression, while mutated forms such as v-Abl and Bcr-Abl have a greatly increased ability to induce the uncontrolled growth characteristic of transformation and have elevated in vivo tyrosine kinase activity (10, 15, 32) . This finding suggests that the c-Abl product is tightly regulated in cells and that mutated forms can escape this regulation. By analyzing the transforming activity of c-Abl mutants, two issues are simultaneously addressed: first, the nature of the machinery that normally suppresses c-Abl kinase activity, and second, the functions required to allow derepressed Abl variants to transform. While the first issue is clearly relevant to the normal function of c-Abl, the second issue may not be. We assume, however, that in some (presently unknown) context, c-Abl kinase activity might be activated, and that this presumably transient activated state is mimicked by constitutively activated transforming variants. Furthermore, understanding the factors required for Abl transformation has obvious clinical relevance in diseases such as chronic myelogenous leukemia, in which activated Abl is strongly implicated.
The transformation assay used in this study is morphological alteration of monolayer 3T3 cells. While there are many parameters of cell transformation, we chose morphological change because it is rapidly and easily scored. One caveat of this type of analysis should be mentioned, however. It has been reported that both c-Abl and its transforming variants have a toxic or cytostatic effect when overexpressed (15, 42) . This observation implies that the scores we report for G418 titers and focus titers might not reflect the behavior of the majority of infected cells, since all cells that die or never grow up to a discernible focus or colony are not scored. Indeed, G418 resistance titers for Abl-containing viruses were generally lower than titers for the empty virus (GDN), and SH2 domaincontaining variants tended to give lower titers than those lacking a functional SH2 domain (see Table 1 for a representative experiment). Given the inherent difficulties in studying toxicity, however, we leave a more careful analysis of the roles of SH2 and SH3 domains in this phenomenon for future studies.
Role of the SH3 domain. It has been known for several years that deletion of the c-Abl SH3 domain is sufficient to activate its transforming potential (10, 15 56) . The SH3 domain of c-Src is proposed to collaborate with the SH2 domain to inhibit activity by such a mechanism (51) . The Abl SH3 domain is known to bind to proline-rich sequences, and a 9-or 10-aa high-affinity binding site has been identified (4, 41) . While the C-terminal half of c-Abl is relatively proline rich, it does not bind with high affinity to the Abl SH3 domain (40a). Furthermore, if the SH3 domain functioned in cis by binding to Abl itself, the in vitro kinase activity of c-Abl protein would be expected to be lower than that of variants lacking the SH3 domain. This is not the case: using several substrates, we found no difference in the kinase activity of purified Abl proteins, whether or not the SH3 domain was present.
How, therefore, does the SH3 domain repress the in vivo activity of c-Abl? Any viable model must explain the position dependence of the SH3 domain and its inability to inhibit the activity of purified proteins. The most likely possibility is that the SH3 domain binds to a cellular factor that inhibits catalytic activity. The existence of such a factor has been previously suggested (37) . SH3 domains are known to function as protein association domains during signaling (27) , and several highaffinity Abl SH3 domain ligands have been isolated (4, 41) . The observation that in vitro kinase activities are not SH3 domain dependent suggests that such an inhibitor does not bind tightly enough to copurify; consistent with this, we have found that it is difficult to coimmunoprecipitate Abl and known Abl SH3 domain-binding proteins under standard conditions (1) . The extreme position sensitivity of the effect of the SH3 domain could be explained if the putative inhibitor had to make specific three-dimensional contacts with multiple surfaces of the protein in order to inhibit the kinase. For example, it might be necessary for the inhibitor to precisely interact with the catalytic active site, and moving the SH3 would make this interaction sterically unfavorable or even make the SH3 domain inaccessible for binding. Previous work has revealed an Abl catalytic site mutation that can activate transforming potential in the presence of a normal SH3 domain, consistent with such a model (16) .
While the model outlined above is clearly speculative, it is consistent with the known behavior of c-Abl and its variants. It also suggests how the system might be regulated-by modification either of the inhibitor or of Abl itself-allowing for an activated state for c-Abl under some physiological conditions. It is possible that in such an activated state, the Abl SH3 domain might bind other proteins, such as 3BP-1 (4), which contains a domain with GAP activity for the Rho/Rac family of VOL. 14, 1994 Ras-like GTP-binding proteins, serving to tie c-Abl into other signaling pathways. Of course, such potential interactions must not be required for cell transformation, since SH3 domaindeleted mutants are fully activated for cell transformation.
Role of the SH2 domain in transformation. Unlike the SH3 domain, the SH2 domain of the Abl kinase plays a positive role in transformation. If the SH2 domain is deleted, or if it is mutated at a residue that is critical for binding to phosphotyrosine, transforming activity is almost completely lost, even in the absence of the SH3 domain. Abl proteins that lack a functional SH2 domain retain wild-type levels of in vitro kinase activity, assayed with purified proteins made either in insect cells (Fig. 8 ) or in immunoprecipitates from infected 293 or 3T3 cells (not shown), suggesting that the SH2 domain does not function by modulating the kinase domain directly.
These results raise the question of why a tyrosine kinase would require an SH2 domain, whose function is to tightly bind to tyrosine-phosphorylated proteins, in order to transform. Several possibilities will be considered. First, since the nontransforming c-Abl protein is localized largely in the nucleus (54) , it is possible that the SH2 domain functions (when the kinase domain is activated, for example by SH3 deletion) to tether Abl via SH2-phosphotyrosine interactions in the cytoplasm, where it must be in order to transform. However, SH3 domain-deleted Abl mutants bearing the R171K mutation that abolishes SH2 domain function are localized in the cytoplasm (53a), suggesting that a functional SH2 domain is not necessary for cytoplasmic localization.
A second possibility is that the SH2 domain functions to tether substrate proteins to the plasma membrane. In signal transduction by receptor tyrosine kinases, a critical step of signaling is the binding of normally cytoplasmic signaling proteins, such as phospholipase C-y, GAP, PI 3-kinase, and GRB-2, to the membrane by interaction of their SH2 domains with phosphotyrosine residues on the activated receptor (reviewed in references 33, 35, and 46). Since transforming Abl variants are myristoylated and at least partially localized on the plasma membrane (15, 54) , the same effect would be achieved if the Abl kinase phosphorylated such proteins on tyrosine and then tightly bound them via its SH2 domain. We have tested this hypothesis by expressing two Abl variants in one cell, the first containing the R171K mutant SH2 domain and lacking the SH3 domain, and the second containing a functional SH2 domain but bearing an ATP binding site mutation (K290M) that inactivates catalytic activity (1Sa). Each of these mutants is nontransforming when expressed in cells. If binding phosphorylated substrate protein to the membrane were critical, the two mutants would be expected to complement each other in trans to induce transformation. We found, however, that expression of the K290M mutant did not increase the transforming potential of the R171K mutant (not shown), arguing against such a model.
An important clue to SH2 domain function was obtained from the SH2 domain swap experiments. We showed that heterologous SH2 domains could complement the lack of the Abl SH2 domain and, more importantly, that cells infected with mutants bearing heterologous SH2 domains displayed different patterns of tyrosine-phosphorylated proteins. In fact, the pattern of phosphoproteins correlated roughly with the known specificities of the different SH2 domains; i.e., the phosphorylation of proteins with high affinity for a particular SH2 domain was enhanced in cells infected with the Abl mutants bearing that SH2 domain. This was true even if the catalytic domain was swapped for that of Src, suggesting that much of the substrate specificity of the nonreceptor tyrosine kinases might be conferred by the SH2 domain and not the catalytic domain.
How does the SH2 domain affect substrate specificity? We propose that what is actually being modulated is not substrate specificity per se, but the prolonged phosphorylation of proteins that bind to the SH2 domain. Unlike the case for serine-threonine kinases, there is little in vitro evidence for substrate specificity for the tyrosine kinases, and it is possible that they can phosphorylate virtually any phosphotyrosine residue that is accessible. At the same time, cellular tyrosine phosphatase activities are very high, so most proteins are rapidly dephosphorylated in vivo. If the site that is phosphorylated had high affinity for the SH2 domain, however, it could tightly bind to it; once bound, it would probably be protected from phosphatases, since several studies have shown that binding to SH2 domains can protect phosphotyrosine residues from dephosphorylation in vitro (3, 44) . Furthermore, if the protein is tethered to the kinase via the SH2 domain, the local concentration of the catalytic domain would be extremely high and it is likely that the protein would be repeatedly phosphorylated on multiple sites. Both of these mechanisms (protection from dephosphorylation and repeated phosphorylation) are likely to play a role, since addition of vanadate, a tyrosine phosphatase inhibitor, to the culture media of cells infected with an SH2 domain-deleted mutant increased tyrosine phosphorylation on cell proteins, but not to the level seen if the SH2 domain was present (not shown).
The model outlined above is consistent with our observation that the SH2 domain is largely position independent when N terminal to the catalytic domain, because it is unlikely that precise positioning would be required to bind to proteins phosphorylated by the catalytic domain, given its high local concentration. Furthermore, such a model would predict that SH2 domains would function independently and additively, consistent with our data from mutants containing both the Abl and GAP SH2 domains. It is possible that the SH2 domains of other families of nonreceptor tyrosine kinases perform a similar role, since SH2 domain mutations in v-Fps and v-Src can drastically affect transforming activity and substrate phosphorylation (18, 43, 45, 55) . However, as discussed below, there are also important differences, at least in the case of Src, in which the SH2 domain also has an inhibitory role.
The model described above implies that the stoichiometry of tyrosine-phosphorylated substrates to Abl protein itself should be roughly equimolar, which is consistent with the levels of proteins seen in antiphosphotyrosine immunoblots. Therefore, as is the case with the receptor class of tyrosine kinases, it appears that the Abl nonreceptor kinase signals via stoichiometric complexes of proteins without signal amplification. This picture is very different from the traditional paradigm, taken from serine-threonine kinases, that kinases amplify signals by phosphorylating many substrate proteins when activated.
A further implication of the SH2 domain swap experiments is that many sets of tyrosine-phosphorylated proteins can induce transformation. The specificities of the SH2 domains used in these experiments, and thus the spectrum of proteins that would be phosphorylated in infected cells, are quite different, yet all of the constructs have considerable transforming activity. It is possible that there are common substrates that are relatively SH2 domain independent; in fact, all of the transforming mutants examined increase the phosphorylation of a protein of approximately 85 kDa ( Fig. 4A and SA (53) .
The models proposed above for SH2 and SH3 domain function in Abl are different in several respects from the functions proposed for these domains in the closely related Src family of nonreceptor tyrosine kinases (see reference 6 for a review). In these proteins, the SH2 domain has a largely inhibitory role on the activity of c-Src, since it interacts with a regulatory phosphotyrosine (Y-527 in Src) that holds the c-Src protein in an inactive conformation. The c-Abl protein has no Y-527 equivalent and no detectable tyrosine phosphorylation in vivo (38) , so such an inhibitory role for the SH2 domain is implausible. In Src, the positive role for the SH2 domain in transformation is apparently less important; although SH2 domain mutations can alter and weaken the transformed phenotype, mutants in which the SH2 domain has been completely deleted have been reported to be highly transforming (47) . The SH3 domain in Src, like that in Abl, is thought to have an inhibitory role, but unlike the case of Abl, Src SH3 domain mutants have elevated in vitro kinase activity (17) . When c-Src is expressed in Schizosaccharomyces pombe, the SH3 domain cooperates with the SH2 domain to mediate binding to the regulatory C-terminal phosphotyrosine (51) . These results indicate that in Src, the SH3 domain functions in cis, which our data suggest is not the case for Abl. These differences highlight how diversity of activity and regulation can evolve from very similar combinations of simple modular units.
